The model has a modular structure and includes a stochastic model of changing the composition of gasoline raw materials and the balance model of its preparation site, nonlinear models of pyrolysis of liquid and gaseous hydrocarbons, quenching of pyrogas, coke deposits, fuel combustion and coke burning.
Introduction
Lower alkenes (ethylene, propylene, butylene, etc.) and arenes (benzene, toluene) are widely used in the production of most petrochemical synthesis products. These intermediates are obtained by thermal cracking of liquid or gaseous hydrocarbon feedstocks in pyrolysis furnaces of large unit capacity. Usually in different countries the structure of raw materials is different. In Russia this is straight-run gasoline (naphtha) 56% by weight; liquefied gas (propane, butane) 30% by weight; ethane 8% by weight; or kerosene-gas oil fraction 6% by weight. As a rule, pyrolysis installations are universal and can work with any specific kind of raw with minor changes in the mode parameters. Much work has been devoted to mathematical modeling of the pyrolysis process. Most researchers adhere to the theory of a free-radical chain mechanism and the resulting models are very complex with a large number of parameters to be identified. In this connection, simplified models are of interest. The most interesting works published in recent years are [1] [2] [3] [4] , in which pyrolysis and gaseous raw materials are considered, such as naphtha, ethane and ethane-propane fraction. The first developed simplified model of pyrolysis of naphtha SRT-VI [3] in the furnace takes into account the physical properties of the raw materials, such as density and acceleration by Engler. On their basis, the molecular weight of the feedstock, the indices of its aromaticity and paraffininess, the ratio of carbon to hydrogen, the total concentration of hydrogen atoms associated with the secondary and tertiary carbon atoms are calculated. Pyrolysis outputs products depend on the temperature and pressure of pyrolysis at the furnace outlet, on the pressure drop across the coil and on the calculated raw material values. [2, 4] describe mathematical models of pyrolysis of gaseous raw materials based on the radicalchain mechanism of thermal cracking of hydrocarbons, including the models of cokes education in the coil of the furnace. [1, 5, 6 ] describe a kinetic model of the process in a separate pyro- arsenic, which was obtained by replacing free-radical chain mechanism by a sequential-parallel reaction scheme in which are excluded intermediate elementary stages involving free radicals. The appropriateness of this approach was shown by the analysis of chemical transformations in the pyrolysis of gasoline, performed on the basis of experimental data and modeling results. The analysis of chemical transformations, performed on the basis of experimental data and modeling results, showed the validity of this approach in the pyrolysis of gasoline. It is established that the error of such a replacement is commensurable with the error of chromatographic analysis of the composition of pyrolyside gas at the outlet of the coil [7] . The efficiency of using the genetic algorithm to identify the kinetic model of pyrolysis is shown in [8] and [1] . A common disadvantage of most publications on the modeling of pyrolysis of hydrocarbon raw materials is that they do not consider auxiliary processes and apparatuses, such as coke firing in pyroarrays, combustion of fuels in furnaces, coking of quenching-and-evaporation apparatus (QEA), generation in QEA high-pressure steam that form a series-parallel structure. In this regard, the development of a mathematical model of large-tone pyrolysis installations (LPI) is relevant, since it allow to optimize the mode of operation of the main pyrolysis process and auxiliary processes.
Materials and methods
The mathematical model of the LPI has a modular structure that repeats the structure of the pyrolysis installations. The model include (figure 1) a stochastic model changing the compositions of individual types of gasoline raw materials (block 1), balance model of the raw material preparation siteby mixing its individual species (block 2), nonlinear models of pyrolysis of liquid and gaseous hydrocarbons [1, 3] in pyrolysis furnace of large unit capacity (block 4), quenching of pyrogas (block 7), coiling of coils and QEA (blocks 5,6), combustion of fuel in furnace (block 3), coke burning (block 8) and also allows to simulate the pyrolysis regime in separate coils of a large-capacity furnace (block 9). The input parameters of the model are determined experimentally the mathematical expectations of the amounts of normal isocyclane (C n , C r ) and their variance (S n c , S r c ), as well as the set values of the ratio in the raw mix of the amount of refined gasoline to the straight-run gasoline (λ), the oxygen content in the flue gases (F a ), raw material costs and steam in the furnace (F δ , F s ), study time (τ * ), the temperature of the refrigerant supplied to the QEA (T cool ), the pressure of the pyrolysis gas at the outlet of the QEA (P ) the temperature of the pyrolysis products, or the coke burning at the exit from the furnace (T ), the time of burning of coke in coils (τ dc ).
The output parameters of the model are the content of hydrocarbon in the straight-line, refined and mixed gasoline C n ν , C r ν , C ν , the fuel gas flow into the furnace (F f u ), the temperature of the flue gases in the furnace (T sm ), the output of product i and the amount of coke deposited in QEA (Q c ), the outlet temperature QEA (T Q ), the pressure at its outlet (P Q ) after the furnace (B i , B pr ), the thickness of the coke film at the outlet m of the coil (δ m ), the high-pressure steam produced by this apparatus (F hs ) , the carbon dioxide content in the coke combustion products (B CO 2 ), the coil wall temperature (T w ) , temperature of the cracking gas at the outlet m and the pressure of raw materials at its entrance (T m , P m ).
The peculiarity of the LPI model and the difference from the known dependencies is that it describes the entire interconnected complex of technological processes and regimes of the pyrolysis separation in the production of lower alkenes from the viewpoint of the system approach. Modeling of disturbances by composition of raw materials is carried out as follows. First, a normal random variable corresponding to the total content of normal and isoalkanes in gasoline is calculated. The calculation is based on the formula: in j raw materials; S j c is the required variance. Uniformly distributed random numbers are determined using the method of degree residues. Then, according to the above formulas, the content of the constituent components in the raw material is determined. The stochastic model is used to simulate the real conditions of the functioning of the LPI in developing algorithms, control systems, and also in training technological personnel. The resulting content of ν class of hydrocarbons in pyrolysis raw materials after mixing gasoline (straight-run and refined) in the raw material preparation unit is determined from the material balance and is calculated according to the formula in block 2 (figure 1).
To create a model for the pyrolysis of liquid and gaseous hydrocarbons in a large-capacity furnace (block 4), a kinetic model of this process was developed in a separate pyromete, obtained by replacing the radical chain mechanism with a sequential-parallel reaction scheme. The group composition of gasoline serving as the pyrolysis feedstock includes n-, iso-, cycloalkanes, aromatic hydrocarbons, higher alkenes. In the mathematical model, n-alkanes are approximated by n-hexane (C 6 H 14 ) isoalkanes-isooctane (C 8 H 18 ), cycloalkanes-cyclopentane (C 7 H 14 ), aromatic hydrocarbons by ethylbenzene and xylenes (C 8 H 10 ).
The content of higher alkenes in raw materials is insignificant and is not taken into account in the model. The content of higher alkenes in raw materials is insignificant and is not taken in the model. The adopted kinetic scheme includes 20 primary cracking reactions of the components of the gasoline raw materialand 50 secondary reaction reactions of pyrolysis products. Thus, the system includes 70 elementary molecular reactions (direct and reverse) flowing between 21 components. The rates of thermochemical reactions are equal: for monomolecular is
; for three-molecular reactions are
, where r i is speed i reaction; F is the mole fraction of the reaction component, mol/s; F t is total mole consumption of participants in the reactions, mol/s; P t is partial pressure, Pa; R is universal
E i is activation energy of the i reaction of the kinetic scheme, J/mol. The material balance is made on the basis of the kinetic scheme, described by a system of differential equations of the first order, which is supplemented by balance equations of thermal and kinetic energy, taking into account the design features of the pyrolysis furnace:
initial conditions are
ν molar consumption ν of raw material component, mol/s; F j is molar consumption of j product, mol/s; α ij is stoichiometric coefficient of molecular reaction; d in is internal diameter of pyrolysis coil, m; l is current section of coil, m; χ is coefficient of uneven heating; α (F, T ) is coefficient of heat transfer from the coil wall to the flow; Cp(T ) j is heat capacity j the reaction mixture component, J/(kg · K); Cp(T ) s is specific heat of steam, J/(kg · K); F s is steam consumption, mol/s; T w (l) is coil wall temperature at current point, K; ∆H j (T ) is the heat of formation of the j reaction component, J/kg; θ (T ) is coefficient of hydraulic friction flow on the wall of the coil M sum (F ) is molecular mass of cracking gas, kg/mol; v mas (l) is mass velocity of cracking gas at the current point of the coil, kg/(s ·m 2 ); V (F ) is volume of cracking gas, m 3 /kg; C is the emission factor of the flue gases in the furnace is equal to C = c 0 ·ε·ε w ·φ; c 0 is coefficient of radiation of an absolutely black body, ε is blackness of flue gases, ε w is blackness of pyrometrical walls φ is coefficient that takes into account the intensity of heat exchange between the reactor section and the source of heating, depending on the location of the burners [1] ; T 0 is temperature of raw materials at the entrance to the coil, K; P 0 is pressure of the mixture at the inlet of the reactor, Pa. Accepted: ε w = 0.8; ε = 0.8. The coefficient of heat transfer from the coil wall to the moving flow in the system of equations (1)- (4) is determined by the following dependence:
where N u (T ) is Nusselt number; λ (F, T ) is thermal conductivity of a gas-vapor mixture,
J/(m · s · K); δ w is wall thickness of the pyrolysis coil, m; λ w is thermal conductivity of pipe material, J/(m · s · K); λ c is thermal conductivity of coke deposits, J/(m · s · K).
Evaluation of the combustion process in the pyrolysis furnace (block 3), describing the temperature dependence in the furnace from the qualitative and quantitative composition of fuel and its consumption:
where η is efficiency of the combustion chamber, Q r = f (F δ , F s , T, T 0 ) are the amount of radiation heat involved in the process, J/s; Q net is net calorific value of fuel, J/kg. Mathematical dependencies (1)- (6) allow the correct calculation of the profile of the composition and temperature changes of the gas-vapor mixture along the length of the coil (figure 2), based on data on reaction kinetics, physicochemical parameters of the components and furnace design. A detailed description of the components of equations (1)- (6) is given in [1] .
Block 5 presents an equation for calculating the thickness of a coke film during pyrolysis of naphtha; for a gas feed, the rate of coke formation is described by the equation described in [9] . The rate of coke removal for gasoline raw materials is developed on the basis of experimental data [10] and is a dependence on the composition and conversion of gasoline, process temperature and the ratio of raw materials:
where Con is gasoline conversion, % mas.; ∆T = 0.01T ; ϕ is ratio steam gas; BM CI, K W are accordingly, the indices of aromaticity of gasoline and its paraffinicity [11] ; ρ δ is relative density of naphtha at 15.6 o C; a 0 − a 20 are coefficients. The equations (in block 5 and (7)) describe the coke deposition model on the walls of coils of a tubular furnace during the pyrolysis of liquid raw materials. It is used to determine the thickness of the coke film on the inner surface in simulating the LPI. 
Results and discussion
Software implementation of the mathematical model was developed in the programming language C# on MS Visual Studio 2010, where the system of differential equations (1)- (4), in view of its rigidity, is solved by the Runge-Kutta method of the sixth order of accuracy [12] , in contrast to [13] , where the solution is fulfilled by the classical Runge-Kutta method. Parametric identification of the mathematical description is carried out by the genetic algorithm [14] , the required constants are the pre-exponential factors or (and) activation energies in the Arrhenius equation. In the genetic algorithm, increments of the desired parameters are randomly generated in the population. In the absence of changes in the objective function over 300 generations, the generation step is reduced by an order of magnitude and the increments are summed with the model parameters. Then the cycle repeats to the specified accuracy. To exclude the loss of effective increments, all individuals participate in the crossing. Then 85 % of the worst target values of individuals are removed from the population, and the remaining ones are transferred to the next generation. The percentage of mutation in crossing the generated individuals is 10. An analysis of the perturbation in the composition of the gasoline raw material showed that the change in composition over time is random. Using regression and correlation analysis [7] , it was found that there is a relationship between individual groups of hydrocarbons, which is described by the following linear expressions:
1) for straight run gasoline is C n i = −12.81+0.6744C n ; C n n = C n −C n i ; C n c = 89.87−0.9784C n ; C n a = 100 − C n i − C n n − C n c ; 2) for refined gasoline is C r i = −74.13 + 1.491C r ; C r n = C r − C r i ; C r c = 64.09 − 0.6235C r ; C r a = 100 − C r i − C r n − C r c , where n, r are superscripts of straight-run and refined gasolines; C n , C r is total content in rectilinear or refined gasoline of cyclones of normal and iso-structure, %; i , C n,r c , C n,r a is accordingly, the content of n-alkanes, isoalkanes, cyclones and arenes in the feedstock.
The analysis also showed that the content of normal and isoalkanes in gasolines obeys the normal distribution law with characteristics: 1) raw material-straight-run gasoline C n =62.13; The results of modeling the process of pyrolysis of gasoline in the coil of a large-capacity furnace are shown in figure 2 . The temperature of the cracking gas at the outlet of the coil is 1138 • K, the inlet temperature is 923 • K, the flow rate of naphtha into the coil is 0.4282 kg/s, the steam/feed ratio is 0.6. From the presented graphs it can be seen that the target products (ethylene, propylene, butadiene) pass through a maximum. The methane output rises with a rise in temperature, the conversion of gasoline drops almost to zero. The modeling error for the main products is 4-5 % rel.
The range of the dependence (7) is 20.00 ≤ Con ≤ 99.99; 1013
The average relative error of the model is 5.8 %. Figure 3 and figure 4 shows the 3D profiles of the change in coke rate, depending on the conversion, temperature and steam/naphtha ratio. With increasing temperature and conversion of naphtha, the rate of coke deposition increases, and with increasing ratio of steam/naphtha decreases. When the concentration of arenes increases in the raw material, the index of its aromaticity BM CI grows and the coke rate increases, with increasing alkane content the paraffin index K W increases and the coke rate decreases. From the density of raw materials, the rate of coking is directly proportional. The coefficients of the model (7) are presented in Table 1 , the coefficient a 0 = 1.0. This coefficient serves to adjust the model for the process of coke deposition in a particular industrial furnace. 
Conclusions
Thus, a mathematical model of the whole complex of technological processes of LPI is developed, which can be used for simulation and control. A model for the pyrolysis of hydrocarbon raw materials in a large-capacity furnace coil has been developed, which includes 23 nonlinear differential equations of the first order of the process kinetics, the balance of thermal and mechanical energy. Based on the research on the kinetic model, a mathematical model for process control is obtained that takes into account the physical characteristics of the raw materials and the coking of the furnace units QEA. Models have been developed to manage the auxiliary processes of the LPI preparing gasoline raw materials, quenching cracking gas in QEA, burning coke in coils, burning fuel in furnaces. The adequacy of regression models to the object has been verified using the Fisher criterion.
